Production rates for various activities and overall construction project duration are significantly influenced by crew formation. Crews are composed of available renewable resources. Construction companies tend to reduce the number of permanent employees, which reduces fixed costs, but at the same time limits production capacity.
INTRODUCTION
The construction industry adopted and developed many methods of scheduling construction projects. The traditional bar charts show duration, start and finish dates for activities in a simple way -without relationships between them. The most popular method, developed in the early 1960s, is the Critical Path Method (CPM). This mathematical calculation allows users to determine the critical (longest) path, the start and finish dates, and the floats of activities. This method proved useful, so its extensions to incorporate resource analysis to the model to facilitate resource 1 PhD., Eng., Lublin University of Technology, Faculty of Civil Engineering and Architecture, Nadbystrzycka str. 40, problem. Solving this type of problem usually requires long computing time to identify the global optimum. Therefore, the resource levelling and resource allocation problems usually cannot be formulated as linear programming problems without additional simplifying assumptions. El-Rayes and Moselhi [6] developed a two-step iterative algorithm for linear projects, planning to minimize the crews' idle times, at the same time taking into account their limited availability at fixed-time windows. This limitation is particularly important if the contractor performs work simultaneously at several construction sites. Work on a specific section can be performed by one of the available crews whose labour productivities are different.
In many cases, the same resources can be used for projects carried out in parallel. Chen and Shahandashti [3] presented a procedure for resource allocation in multi-project linear scheduling.
The goal was defined as minimizing the sum of weighted project durations and the fluctuation of the day-to-day usage of resources. The solution is to be visible in two stages. In the first stage, the feasible resource assignment is determined under the assumption that the projects were carried out independently. In the second stage, amounts of resources allocated to various activities is changed, and a simulated annealing procedure is adopted to find the optimal solution.
Marcinkowski [13] formulated a model of allocating a hierarchical structure for work performed on separated work fronts. This model enables an automated calculation aimed at designating a contractor for the set of tasks to be executed on the work fronts, based on their labor consumption and referred to resources of any of the levels of a hierarchical structure.
The problem of crew formation and subcontracting in completing linear projects was studied by Liu and Wang [12] . The number of additional resources was limited. Allocation of outsourced resources is one possibility of accelerating a project. The model proposed by the authors minimized either total project duration, or total interruption time. If supplemented with cost information (indirect and direct costs, including cost of outsourced resources), it allows the construction manager to make a decision about allocating additional resources. The proposed model was solved using a constraint programming (CP) approach. 
MATHEMATICAL PROBLEM FORMALIZATION
A linear project (road, tunnel, pipeline etc.) should be divided into sections (working units) defined by different length and work labour intensity. Repeatable processes from the set ^ǹ I ..., , 2 , 1 are to be conducted in each of these units j (
process, a separate working crew or set of machines is to be provided, and the composition of these crews / machine sets is to remain constant. For each unit j , a directed graph j j A I G , with one start and one finish node is to be defined:
there is a set of graph nodes (identical to a set of processes types), and I I A j u there is a set of arcs (the precedence relations between the processes) linking the graph nodes.
The precedence relations between processes in each unit are of finish-to-start type with time lags:
process b can start after finishing its direct predecessor a, but not earlier than after fa,b days.
The order of units where a process is successively performed is defined as a permutation
; it is defined for each unit.
The work in a unit progresses according to previously made arrangements (according to the mileage or from the end of the section to the beginning). The order of units, due to the adopted method of mathematical formalization, must be specified also in the case when a specific process in not realized in this unit. The accepted order does not affect the obtained optimization solution.
To complete each process, renewable resources (e.g. the workers of various specialities, machines) need to be available. The set of all resource types is denoted by R .
For each process i , a set 
The objective function (2.1) minimizes project duration. The first process on the first unit, on which it will be performed, starts at date 0 (relation (2.2)). Each process must be completed in each unit no later than at a predefined deadline -according to inequality (2. In the case of simple practical problems, the above model can be solved with popular solvers with non-linear add-ons. Table 1 summarizes data concerning precedence relations of processes carried out at three unit (sections) of a notional linear project. The data present is enough to create activity-on-node graphs, the same for each section, that model dependencies between processes. Processes at different sections are carried out starting from section one -the exception is the third process whose execution starts at the end point of section 3 and finishes at the beginning of section 1 (according to permutation given in Table 1 ). Tables 2 and 3 Further research will focus on including other conditions and constraints typical for linear construction projects, e.g. the learning curve, the possibility of subcontracting or splitting activities, and objectives used in project management and for bids selection [11] . To solve more complex, 
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